ABSTRACT This article presents the design, manufacture and test of an inductively coupled wireless power transfer (WPT) system used as a power source for prosthetic hands. Prosthetic hands are the most common artificial limbs among the physically disabled population. Limited storage capacity of the battery places severe limitations regarding the continuous use of this device. A WPT link is therefore proposed to supply power to such devices. The WPT system consists of a transmitter circuit (class-E power amplifier) and WPT coils along with commercially available receiver circuit and multiple motors. Assessment of the unwanted heating of the human tissue due to wireless power transfer was simulated using the commercial electromagnetic simulator ANSYS HFSS TM . Results were experimentally validated by measuring in real-time temperature variations inside a phantom mimicking the properties of human muscle. Monitoring and control the rotation of the prosthetic hand was also demonstrated utilizing rotation-dependent wireless power transfer parameters. The WPT scheme proposed serves therefore the dual property of providing power to the prosthetic limb whilst monitoring the wrist rotation.
I. INTRODUCTION
Biomedical electronic devices (BEDs) have been of interest over the last decade for applications ranging from health monitoring, syndrome detection, disease prevention, drug delivery to patients' rehabilitation [1] - [4] . The rapid technological advances of these devices, in terms of multiple functionality, performance improvement and enhanced reliability, have been made possible by the continued development of integrated electronic chips, sensors, actuators and packaging technologies. However, these advances can only be possible if BEDs satisfy mandatory energy requirements for reliable device operation.
Continuous and reliable power sourcing within the human body has been a major challenge since the development of the heart pacemaker in the 1960s [5] , with batteries used as the primary power source. Further miniaturization of current medical implantable devices (MIDs) must be traded-off
The associate editor coordinating the review of this manuscript and approving it for publication was Vittorio Camarchia. against repetitive and costly surgery operations due to the size-dependent capacity and consequent limited useful life of such batteries [6] .
Rehabilitation BEDs, such as prosthetic hands and legs, also suffer from a similar lack of long-life power sources. Prosthetics limbs use rechargeable batteries embedded within, which drain relatively quickly due to the large power required for actuators. The current recharging method of these limbs demands the removal of prosthetics limbs from the patient, a procedure which is uncomfortable and sometimes undignified. This inefficient power sourcing could be resolved by either making BEDs more energy efficient, improving the power storage capacity or using alternative power sources. Regarding the latter, wireless power transfer (WPT) offers a promising alternative, due to its convenient portability [7] , [8] .
This article proposes the wireless power transfer of a prosthetics hand, one of the most common artificial limbs used among the physically disabled population. Published research in wireless power and data transfer techniques for prosthetic limbs is relatively scarce [4] , [9] , [10] . In [4] , a fully wireless EMG recording system for upper limb prosthesis control is presented. In [10] , the characterization of wireless link is studied for upper limb prostheses through simulation. Commercial prosthetic hand suppliers, such as Ottobock [11] and SteeperUSA [12] , use rechargeable batteries embedded in the hand to drive five actuators. When the battery capacity approaches its lower limit, the hand operation slows down and stops when the power has been completely drained from the battery. Recharging of the battery requires the removal of the prosthetic hand from the body.
The proposed WPT system is shown in Fig. 1 whereby the battery is not embedded in the limb but is carried by the user. A transmitter (TX) circuit, placed on the wrist of the user, powers a receiver (RX) circuit within the prosthetic limb through inductive coupling. This circuit then controls the relevant actuators of the hand for effective operation.
The layout of the article is as follows. Section II presents the modeling and optimization of the inductively coupled WPT link and of the class-E power amplifier (PA), operated in sub-nominal condition. The received power is rectified and regulated using commercially available components. Section III describes the experimental setup whereby five motors are used along with a microcontroller and motor driver circuits to demonstrate the performance of the proposed WPT system with respect to the distance between the TX and RX circuits and the angular rotation of the hand. The tissue safety is demonstrated in terms of specific absorption rate (SAR) simulated in the designed five-layer tissue phantom model. Simulated results are validated through the measurement of the temperature variation at multiple locations within a phantom that mimics the tissue of the wrist. Finally, an algorithm is developed to monitor and control the rotation of the prosthetic hand in a certain direction at a constant load condition. Discussion regarding the whole WPT system is provided in Section IV, followed by conclusions provided in Section V.
II. MODELING AND OPTIMIZATION

A. WPT LINK
The inductively coupled WPT link, shown in Fig. 1 , is composed of single loop multi-layer (SLML) transmitter (TX) and receiver (RX) helical coils [13] . The value of the self-inductance, L self , of the coils can be approximated as the sum of the self-inductances of single circular coils and the mutual inductances of two perfectly aligned coils such that
where R i is the loop radius of the coil i(assumed here to be identical for all loops of a given coil), w is the width of the wire, N t is the number of layers, and d T i T j is the distance between two layers T i and T j given as [13] 
where s t is the space between two consecutive layers. Further, in (1), the L self of a single circular coil can be approximated as
where µ is the permeability of the medium surrounding the coils. The mutual inductance can be written as
where K (α ij ) and E(α ij ) are the complete elliptic integral of first and second kinds, respectively and α ij is Fig. 2 shows two SLML helical coils, defined as C1 (part of the TX circuit) and C2 (part of the RX circuit) of respective radii R C1 and R C2 . In this particular case, lateral misalignment is neglected as the hand is supposed to rotate along the same axis as the axis of the TX circuit.
Taking one loop for C1 and one loop for C2 whose centers are separated by a distance d r , and for a roll and pitch VOLUME 7, 2019 rotational angle of θ and λ, respectively, the expression of the mutual inductance, M , is approximated as [13] (6) In (6), γ a and γ b are smaller than unity and written as
The total mutual inductance, M total , for T C1 and T C2 layers of C1 and C2 coils, respectively, is given as
The AC resistance, R AC , is the combination of the skin resistance, R skin , and the proximity effect resistance, R prox , so that [14] 
The resistance induced by the skin effect [18] 
where ρ is the resistivity of the copper wire and δ is the skin depth [16] - [18] . The proximity effect resistor, R prox , can be calculated as [19] , [20] 
where σ c is the conductivity of the copper and ω = 2πf is the radial operation frequency. The shape factor, α, is calculated as [19] 
where H i and I i is the intensity of the applied magnetic field and current flowing through to the i th wire, respectively [21] . The expression of the parasitic capacitance between two layers of the copper wire is given as [22] 
where ς is the thickness of the insulating layer in a wire and D is the average diameter of the insulating coating sheath [23] .
Further, ε o and ε r are the dielectric constant of free space and relative dielectric constant of the insulation layer in the wire, respectively. The total self-capacitance of SLML helical coil can be written as
The PTE, η, of the proposed SLML WPT helical coils can be expressed by using electrically equivalent circuit or coupled mode theories so that [15] , [16] , [24] , [25] 
where Q RX and Q L are the quality factor (Q-factor) of the RX coil and load. The distance-dependent figure of merit (FOM) is defined as
where Q TX is the Q-factor of the TX coil, and k TX ,RX is the coupling coefficient between TX and RX coils [8] , [16] , [17] . The expression of the optimized load, R * L , for the operating frequency, f is
A nested multi-dimensional optimization (NMDO) algorithm flow graph, shown in Fig. 3 , is proposed to optimize the proposed WPT link for the prosthetic arm using (1) to (19) . The maximum radii of the TX and RX coils are 24 mm and 34 mm, respectively, taken as the average human hand size. These values are used as initial inputs to the optimization algorithm. Constraints include (1) the maximum weight that could be tolerated by the user -less than 10 grams for each coil -and (2) the maximum coupling distance, taken as 30 mm, between the TX and RX coils. The WPT link frequency is chosen as 1 MHz as Class-E amplifier can easily be designed at this frequency.
The NMDO algorithm checks the compatibility of the optimization variables, w TX , w RX , N t,TX and N t,RX , with the initial input parameters and design constrains. The algorithm retrieves the global maximum value of power transfer efficiency (PTE) in this multi-dimensional design space, by comparing this value with PTE values calculated at each iteration. The algorithm stops if the computation of all the variables is completed or a PTE value of 100% is reached.
In Fig. 4 , the NMDO algorithm is run for 150 iterations and a global maximum, η, of 72%, is achieved for w TX = 1.05 mm, w RX = 1.03 mm, N t,TX = 10 and N t,RX = 5. The simulation took approximately 15 minutes to complete and was performed on Intel Xeon CPU E5-2609 with a processor speed 2.5 GHz and 64 GB of RAM computer. Fig. 5 shows the circuit topology of a single-ended class-E power amplifier, also known as a DC-fed energy injection converter, where the resonant circuit is used as an intermediate energy storage element [26] . The amplifier includes a power loop composed of a power source, V DD , a radio frequency choke (RFC) inductor, L CHOKE . The switching loop includes a MOSFET switch, a driver and a shunt capacitor, C S . The load loop consists of a resonating capacitor, C RES , an inductor and resistor load, L LOAD and R LOAD .
B. CLASS-E AMPLIFIER
The amplifier with the shunt capacitance can work in nominal or sub-nominal conditions [27] . In nominal condition, class-E switching circuits satisfy the zero voltage switching (ZVS) and zero-derivative switching (ZDS) requirements [28] . However, since the switching power loss is proportional to the square of the MOSFET's turn-on switching voltage, the amplifier power efficiency is reduced significantly under this condition. This performance can be improved by satisfying only the ZVS condition [29] . Hence, the resulting sub-nominal model is adopted in this work to increase the efficiency of the amplifier for the proposed WPT system for prosthetic hand. The power transfer efficiency, η PA , of the amplifier can then be derived as [29] 
where R DS is the channel resistance of the MOSFET. X A is defined as
where ϕ is the phase difference between the rising edges of I LOAD and V GG and D is the duty cycle. In this case, X B is defined as
In this case, (22) provides an expression for ϕ as
For a given L LOAD , the output C RES can be calculated as
where X LOAD is the reactance of the load loop. Finally, for a duty cycle of D = 0.5, C S can be written as
III. EXPERIMENTAL SETUP AND RESULTS
A. WPT SYSTEM AND CLASS-E AMPLIFIER
Fig . 6 shows the implemented WPT system for the prosthetic hand application alongside the measurement setup. Keysight technologies current probe (1147B) and CAL test electronics differential probe (CT2593-1) are used to measure the output current and voltage, respectively of the VOLUME 7, 2019
FIGURE 6. Measurement setup (with enlarged view of dummy prosthetic hand).
class-E PA and WPT link. The TX and RX coils have been mounted on a polystyrene material-based dummy hand which is representing the prosthetic hand. Five DC motors (Q4SL2BQ280001) are used to demonstrate the performance of the proposed WPT system in terms of providing power to actuators. The motors used in this work can provide a maximum of 13,830 rotations per minute (RPM) for 47.3 mA current and 30 mW of output power. Such motors represent the necessary actuation for the movement of the mechanical fingers in the prosthetic hand. The received power by the RX coil is rectified and regulated by the commercially available DFLS130L Schottky diode-based bridge rectifier and L78M05 (DPAK) 5.0 V regulator, respectively. The dummy hand is filled with a phantom mimicking the electrical properties of human muscles. The phantom has been prepared using hydrophilic organic powder and degassed water [30] . Two Arduino Nano 3.0 (ATmega328) microcontrollers, named µC1 and µC2 in the figure, are used to control and monitor the rotation of the DC motors and measure the temperature variation inside the phantom, respectively. The PMF370XN N-channel MOSFET is used to implement the motor driver circuit which is controlled by µC1.
The single-ended class-E amplifier has been designed for 1 MHz operating frequency. IRF640 N-channel MOSFET with breakdown voltage of 200 V. A value for R DS = 0.18 is adopted as the switch with an EL7457 40 MHz noninverting driver with 2 A peak current. Adjustable capacitors are used for C s and C RES . C s also includes a MOSFET parasitic capacitance of 430 pF. An RFC inductor, L CHOKE = 1.6 mH, is utilized to stabilize the power current. Fig. 7 shows the measured output of the designed PA confirming the ZVS condition and sub-nominal operation of the amplifier. The calculated and measured efficiency are 85.5% and 85%, respectively. The calculated and measured parameters of the designed class-E PA is listed in Table. 1.
B. PTE PERFORMANCE AS A FUNCTION OF TX-RX SEPARATION DISTANCE
Copper wire wound coils (WWC) were fabricated for the WPT coils. The properties of the TX and RX coils are listed in Table 1 . The measured mass of the TX and RX coils are 8.1 and 6.8 g, respectively. The mass of the RX coil is significantly lower than the 90 g obtained with commercial batteries (Steeper Lithium Polymer) and used inside current prosthetic hands. Fig. 8 shows the calculated, simulated and measured PTE for a separation distance ranging from 5 to 100 mm. The maximum percentage of variation (%Variation) of the simulated and measured values, compared to the closed-form expression of the PTE using (1) to (19) , are 13% and 8%, respectively. The measured efficiency at 1 MHz operation frequency and 30 mm separation distance is 71%. 9 shows the simulated and measured effect of the varying load on PTE. The maximum PTE of 71% is achieved for the optimized load (19) of 9.6 and 9.8 for the simulated and measured values, respectively.
C. PTE PERFORMANCE AS A FUNCTION OF WRIST ROTATION
As the hand is being rotated in everyday activities, it is important to measure the change of PTE as a consequence of the angular misalignment of the RX and TX coils. The measurement setup for the measurement of PTE at different angular rotations is presented in Fig. 10 . The prosthetic hand section is separated from the dummy hand to perform this measurement and the separation distance is kept at 30 mm as the hand is rotated from -45 to +45 degrees.
The minimum PTE achieved is 56.7% at the rotation angle of +45 degrees, as shown in Fig. 11 . Unsurprisingly, the PTE is symmetric with respect to the zero-degree rotation angle. The small difference noticed for the measured results is due to uncertainties in the physical implementation process. The maximum %variation is 6.5% and 2.5% for simulation and measured values, respectively. The magnetic field variation shown in Figs. 12 (a) and (b) , for perfectly aligned and rotated coils, respectively, validates the reduction in the PTE due to the angular rotation. The distorted field pattern shown in Fig.12 (b) leads to the reduction of the PTE.
D. TISSUE SAFETY MEASUREMENT
Assessment of any temperature increase inside tissues close to the WPT system was carried out by measuring the temperature variation inside a muscle phantom model for 12 hours and simulating the specific absorption ratio (SAR) using the ANSYS HFSS TM EM simulator. A five-layer phantom was designed in ANSYS HFSS TM to measure the SAR, as shown in Fig. 13 . The tissue configuration is meant to model the wrist of the user. Table 2 listed the properties of the different tissue layers considered to design the wrist model. Fig. 14 shows the SAR variation inside the phantom from the front view and along the wrist (side view). The maximum SAR measured is 10.03 mW/kg at 1 MHz operating frequency and for 5 W of input power. This value is lower than the IEEE standard of 2 W/kg for 10 g of tissue [31] . Fig. 15 shows the position of the three temperature sensors (TSs 1 to 3) inserted inside the phantom to measure the temperature variation due to electromagnetic radiation. TS4 is used to measure the temperature of the environment. The microcontroller µC2 (Fig.7) is used to process the temperature data and record them in the laptop through RS232 serial communication.
TS1 shows the maximum temperature variation in Fig. 16 as it was the closest to the TX coil. The highest temperature variation recorded is 1.63 • C at TS1 compared with the measured temperature variation recommended by TS1 without the WPT system. Tissues properties are listed in Table 2 for 1 MHz frequency [32] . 
E. MONITORING OF HAND ROTATION
Beyond receiving power to actuate motors within the prosthetic limb, the WPT system presented here allows the measurement of the power received such that valuable information regarding the determination of the angle of rotation can be provided to help the user controlling the hand. Fig.17 . shows the variation of the output power ratio as a function of the angle of rotation. This power ratio is calculated with reference to the power rectified and regulated at the RX for a perfectly aligned RX coil (0 degree).
The proposed algorithm to monitor and control the rotation of the prosthetic hand is illustrated in Fig. 18 . The algorithm keeps record of the output power, when the RX coil is perfectly aligned with the TX, and calculates the ratio of the power at each angle with respect to the power at 0 • angle position of the RX. If the ratio goes beyond 0.8 (45 • angular rotation) the rotation of the prosthetic hand will be stopped. In Fig. 17 , the right y-axis demonstrates the percentage of error (%Error) on the angle of rotation for the power ratio. The maximum %Error is 15% at the maximum angle of rotation and the minimum %Error is less than 1% achieved for the 0 • rotation. The %Error is calculated on four set of measurement results. This algorithm is developed for the optimized load (19) used in this work. A complex algorithm will be required for variable load applications. The monitoring of the hand as it is rotated in 3 dimensions could also be carried out if the centres of the two coils are no aligned along the same axis. This 3D monitoring of the hand will be the topic of a future publication.
IV. DISCUSSION
The estimation of the power budget of the proposed WPT system is given in Fig. 19 . The microcontroller µC1 used in this work needs approximately 180 mW to operate properly along with the motor driver circuit. The five DC motors require 100 mW in full load condition. Therefore, the total power requirement is approximately 280 mW for the proposed system. Fig. 19 shows that the total output power of the designed system is 350 mW when the TX and RX coils are perfectly aligned, yielding thereby an overall system efficiency of 24%. The proposed system can supply enough power (294 mW) to run five DC motors simultaneously at the maximum angle of rotation of 45 • .
The major power consuming devices of the system are shown to be the commercial regulator and Schottky diode-based rectifier circuit. The power efficiency of 63% and 60% is recorded at 1 MHz operation frequency for the rectifier and regulator circuit, respectively. Application specific integrated circuit (ASIC) of the regulator [33] - [35] and rectifier [36] , [37] circuits can offer efficiency of more than 87%. In addition, the efficiency of the WPT link could be increased to more than 85% by increasing the operation frequency to 10 MHz. However, it is firmly recommended to validate the tissue safety in such frequency bands before using higher frequency for any BEDs. Furthermore, [29] presented a class-E amplifier for BEDs with an efficiency of 91.7% utilizing the sub-nominal design technique. Therefore, using the aforementioned schemes the complete system efficiency could be increased to more than 60%. The mass of the TX and RX coils could also be reduced further by utilizing modern 3D printing technology and flexible printed circuit boards. Finally, lower power microcontroller compared to Arduino Nano 3.0 and DC motors can be used to reduce the power consumption even further in the prosthetic hand.
V. CONCLUSION
In this paper, a WPT system is proposed and successfully implemented for prosthetic hand application. The receiver coil has significantly lower mass compared to the batteries used inside commercially available prosthetic hands. An easily replaceable and rechargeable battery can be used at the TX side mounted on the arm of the patient of the proposed WPT system.
The proposed system offers an overall system efficiency of 24% which can be improved significantly by utilizing low power, high efficiency ASIC designs, and higher operating frequency. A low power microcontroller and DC motors can reduce the power consumption and enhance the battery life connected to the TX side of the proposed system. The simulated SAR of the proposed system is well below the safety standard of the IEEE. Tissue safety was also validated by measuring the temperature variation in a muscle phantom for 12 hours' continuous wireless power supply. This work presented also a rotation control and monitor algorithm utilizing the RX power for an optimized load.
The proposed WPT system offers a dignified, comfortable, and efficient way to supply power to artificial limbs.
